molecules are intrinsically unable to refold, independent of any covalent modification. In the case of very long polypeptides, including multi-domain enzymes or single-chain enzyme complexes such as the mammalian fatty acid synthetase (Guy et al., 1978) , refolding will be more susceptible to strong intramolecular aggregation by groupings distant from one another along the chain. Refolding is different from the situation in viuo, when such polypeptides will fold one domain at a time as they are synthesized, thus avoiding the possibility outlined above (Bergmann & Kuehl, 1979a,b) . There must also exist temporal or spatial control over the association of subunits into multimeric enzymes to avoid the frequent lack of full reversibility encountered in uitro (Zettlmeissl et al., 198 1) .
Stability
The estimation of thermodynamic stability relative to a known state depends on a reversible equilibrium existing under denaturing conditions between that state and the native state (Pain, 1979; Privalov, 1979) . Various methods have been discussed for interpreting the experimentally obtained data (Pace, 1975) , and a relatively small number of values exist, mainly in the range 2&50kJ/mol. These are values for the free-energy difference between the native and the fully unfolded state. Between native and intermediate states, the values are smaller, for example lOkJ/mol in the case of penicillinase from Staphylococcus aureus (Adams et al., 1980) . These values show that the thermodynamic stability of globular proteins is marginal, corresponding, for example, to one or two hydrogen bonds per molecule, despite the fact that the overall balancing forces of stabilization and destabilization are at least an order of magnitude greater than the resultant.
Stability can also be measured by assaying the loss of activity under different conditions. Care has to be exercised in view of the system: discussed above. If k, = 0, the activity indicates the position of the equilibrium if measured under the denaturing conditions. If k,, is finite, however, the activity at any time may be an indication of k,, and need not in any way reflect the value of k+,/k-,. Conversely, the finding that no activity is lost on incubating an enzyme at 100°C for lOmin need not say anything about its thermodynamic stability, only that k+, + 0.
Operationally, the loss of activity is usually the key factor, but attempts to prevent loss or to 'stabilize' the protein may have to focus on the thermodynamic equilibrium or on the kinetics of the irreversible step as appropriate to the particular system, and there are experimental precedents for such intervention.
In a discussion of folding, denaturation and stability it is important to emphasize that the native state is not rigid. Rather, the individual atoms, groups and secondary structures are all moving around a mean position with different rates and amplitudes (Huber, 1979) . This reflects the fact that the packing of interior groups in a protein, though good, is not as dense as is theoretically possible (Richards, 1974) . This 'imperfect' packing and consequent mobility is thought to be essential for enzyme activity, and the interesting suggestion has been made that amino acid composition may change in order to conserve mobility under different environmental conditions (Mohana Roa & Argos, 1981) .
Enzymes are sensitive, mobile, molecules, but the more we understand the nature of their conformational mobility and stability the more it will be possible to sustain their activity under a wider range of environmental conditions. The observation that many enzymes and hormones are glycoprotein in character, and that in many cases the carbohydrate component is not necessarily related specifically to the biological activity of the molecule, has led to considerable speculation on the possible role of the carbohydrate species in such glycoproteins. For example, it has been suggested that the carbohydrates play an important role in ensuring the transport of the active molecule to its target site. Another suggestion is that the carbohydrates help to prolong the active life of the glycoprotein, either by stabilizing the three-dimensional structure of the active polypeptide component or by protecting the protein against proteolytic attack by other enzymes present. As we show below, some of these suggested roles are, or may be, related.
600th MEETING, OXFORD Our first encounter with the question of the role of the carbohydrate component of a biologically active glycoprotein was during our studies on follitropin (follicle-stimulating hormone, FSH). This is a glycoprotein containing, among other residues, N-acetylneuraminic acid (sialic acid). Enzymic removal of the sialic acid caused apparent loss of activity of the hormone, if it was administered to the live test animals (Ryle et al., 1970). However, the sialic acid-free hormone was still active towards isolated cultured ovarian cells. This suggested a crucial role for the sialic acid in ensuring that the hormone reached, via the bloodstream, the target ovarian cells. One possibility was that the sialic acid protected the glycoprotein from proteolytic (or other enzymic) digestions. This was in accord with the work of a number of other groups. Schmid et al. (1959) had shown that a ,-acid glycoprotein became more susceptible to carboxypeptidase action after partial acid hydrolysis, which removed some sialic acid. Samy (1967) demonstrated that the removal of sialic acid from sheep plasma glycoproteins caused increased susceptibility to proteolytic enzymes. Gottschalk & Fazekas de St. Groth (1960) showed that the enzymic removal of sialic acid increased the action of trypsin on sheep submaxillary-gland mucoprotein by 45%, and Goldstone & Koenig ( 1974) demonstrated that the carbohydrate side chains protected the polypeptide portion of glycoproteins from proteolytic attack by lysosomal cathepsins.
Another feature of the sialic acid-free follitropin was that it retained its immunological activity, but that this activity was less stable than in the intact hormone. The suggestion was made, therefore, that the sialic acid contributed to the maintenance of the appropriate three-dimensional structure, i.e. stabilized it.
Other examples of this type of stabilization have been quoted in the literature. Nakamura & Hayashi (1974) removed some of the carbohydrate from glucose oxidase by periodate oxidation, and observed that the loss in activity on heating (especially in solution containing sodium dodecyl sulphate) was greater for the carbohydrate-free enzyme than for the native enzyme. Pazur et al. (1970) , who also used periodate oxidations to remove carbohydrate from glucoamylase I, found that the oxidation affected the stability, and concluded that the carbohydrate stabilized the three-dimensional structure and, in turn, the catalytic activity.
Other evidence leading to the same conclusion has arisen from comparison of different forms of the same enzymes, e.g. enzymes obtained from different tissues or different sites in the same organism. Gascon et al. (1968) compared the internal and external invertases of yeast. These enzymes are closely related (having, for example, common antigenic determinants), but the external enzyme contains a significant carbohydrate component whereas the internal has little or none. The external enzyme was found to be significantly more stable. Arnold (1969) obtained evidence from the fractionation of a polydisperse preparation of yeast B-fructosidase. He observed higher stability to thermal inactivation for those fractions with higher carbohydrate content.
The two phenomena mentioned above, namely the stabilization of three-dimensional structure and the protection against proteolytic attack, would clearly lead to the prolonging of the biological life of an active hormone or enzyme. They may also, however, be closely interrelated. A simple first explanation for the protection by the carbohydrate moiety of a glycoprotein against proteolytic digestion would clearly be based on steric inhibition. The presence of the carbohydrate, possibly as an outer sheath around the protein, would naturally prevent the approach of the enzyme. However, stabilization of the threedimensional structure may also be a factor in preventing proteolysis. Coffey & de Duve (1968) concluded, from their study of the hydrolysis of proteins by lysosome extracts, that denaturation was a prerequisite for proteolytic attack. This idea is supported by the mechanistic scheme for the autolysis of trypsin prepared by Terminiello et al. (1955) . This scheme requires that a conformational change in a trypsin molecule precedes attack by another, active, molecule. Thus it appears that the carbohydrate of a glycoprotein may protect it from proteolytic enzymes both directly by steric inhibition and indirectly by stabilizing the three-dimensional structure and preventing the conformational changes that may be a prerequisite for proteolysis.
It is expected that the presence of a carbohydrate species would tend to prevent or at least slow conformational changes in the polypeptide portion of a glycoprotein. Markus (1965) has indicated that the binding of any ligands to a polypeptide is likely to diminish the tendency for oscillation between different conformational states.
In the light of these observations, it is not surprising that, in attempts to stabilize enzymes against both thermal inactivation and proteolytic degradation, many groups of workers should have prepared synthetic glycoproteins, i.e. attached soluble polysaccharide components covalently to the enzymes under study. Vegarud & Christensen (1975) prepared conjugates of lysozyme, chymotrypsin and pglucosidase with dextran, and demonstrated that they were more stable to heat than were the native enzymes. They also showed that conjugates of casein and albumin with dextran were hydrolysed by trypsin to a smaller extent than were the unconjugated proteins. Marshall and his co-workers (Marshall, 1976; Marshall & Rabinovitz, 1976) have prepared dextran-amylase and dextran-trypsin conjugates. The conjugates were more stable to heat inactivation and the trypsin conjugate was less susceptible to autodigestion. Torchilin et al. (1980) also used dextran to prepare a conjugate with chymotrypsin in a study directed towards the stabilization of enzymes for clinical therapy. In that work the use of CNBr to achieve the constant coupling was avoided because of the potential toxicity problems. Their chymotrypsin conjugate too was more thermostable than was the native enzyme.
In a very interesting paper, Cunningham et al. (I98 1) have reported that a conjugate of haemoglobin with dextran actually shows an increased affinity for oxygen. Presumably the attached carbohydrate stabilizes the three-dimensional structure (or structures) with higher oxygen aflinity.
It is clear that dextrans are highly favoured as carbohydrates for the preparation of synthetic glycoproteins, for many reasons. However, it is worth noting that many of the naturally occurring glycoproteins, including some mentioned above, contain negatively charged groups (in particular N-acetylneuraminic acid), and that these often appear to play a special role. The use of polysaccharides containing such groups for the preparation of synthetic glycoenzymes is likely to be advantageous. In our laboratory Jonas (1979) prepared a covalent conjugate of chymotrypsin with xanthan gum, a high-molecular-weight extracellular polysaccharide from Xanthomonas campestris, which contains D-glucose, D-mannose and Dglucuronic acid. The CNBr method was used for coupling, and the conjugate was shown to be more stable to thermal inactivation than was a simple mixture of enzyme and carbohydrate. Other acidic polysaccharides are available naturally, and their possible use for the stabilization of enzymes in this way is worth examination.
Many substrates are known to increase the thermal stability of their respective enzyme upon binding at the active site (Wiseman, 1978) . Conformational stability is conferred on the active conformation of the enzyme, associated with a lowering of free energy on binding of the substrate. In some cases this conformational stabilization is associated with the formation of intramolecular (or inter-subunit) cross-links that hold the enzyme in its active conformation despite the time-dependent fluctuation in catalytic-site conformation. In this way some molecules reach higher energy states and cross the activation energy barrier to denaturation, especially so as the temperature is raised (a critical temperature for rapid denaturation is eventually reached.
Some of our recent research has involved the relationship between mechanism and stability of a terminal oxidase, cytochrome P-448 (a form of cytochrome P-450), that we have isolated in soluble, highly purified and reconstituted form (88-97% pure) from Saccharomyces cerevisiae (Azari & Wiseman, 1982) . This enzyme is present in the yeast when grown under conditions of mitochondria1 repression, i.e. at high glucose concentrations (4-20% w/v), where intracellular concentrations of cyclic AMP are low (Wiseman et al., 1978) . It is a membrane-bound enzyme recovered in the microsomal fraction after disruption of the yeast in a Vibromill (glass-bead shake disruptor). The enzyme is detected by the characteristic peak at 448nm in the difference spectrum of the reduced form (Fe") in the presence of CO (for recent review see Wiseman & King, 1982) . The main substrate for this enzyme in our studies is benzo [a] pyrene (this is hydroxylated), although its role in the yeast may involve the 14a-demethylation of lanosterol to 4,4-dimethylzymosterol in the pathway of ergosterol synthesis required for membrane formation in the yeast (Aoyama & Yoshida, 1978) .
There is an enormous published literature on cytochrome P-450 in various forms isolated from rat liver (Gustafsson et al., 1980) . This enzyme in its various can attack a total of as many as a thousand substrates, often in a hydroxylation reaction associated with insertion of an oxygen atom. Subsequent conjugation reactions remove these polar metabolites from the body, as part of the two stages in detoxification of xenobiotics. In addition, some of the reactions of liver endoplasmic-reticulum cytochrome P-450 are associated with endogenous mechanisms of synthesis, for example of cholesterol (analogous to the pathway of synthesis of ergosterol in yeast). On the contrary, the form of the enzyme (cytochrome P-448) induced by administration of carcinogens, such as 3-methylcholanthrene, activates for example benzotalpyrene by converting it into a reactive epoxide that binds to DNA. Our enzyme from Saccharomyces cerevisiae shows many similar features to liver cytochrome P-448.
Cytochrome P-450 (including cytochrome P-448) can exist in the low-spin or the high-spin form of its Fe"'. the high-spin form has five unpaired electrons (S = 5/2), and the low-spin form has the four electrons paired and only one unpaired electron ( S = 1/2). The mechansism of the enzyme is associated with substrate binding to FelI1, followed by reduction to Fe" by an electron donated from NADPH via cytochrome P-450 reductase (a flavoprotein). The FelI binds an oxygen molecule, and oxygen insertion into substrate occurs by a complex mechanism involving forms of iron-bound peroxide and iron-bound active oxygen.
Substrates can be classified as Type I or Type I1 binding substrates. Type I substrates convert low-spin enzyme into high-spin enzyme, and Type I1 substrates convert high-spin enzyme into low-spin enzyme: the two forms are in dynamic equilibrium. Characteristic binding difference spectra (with or without substrate) of the Fe"' form of the enzyme distinguish the two binding forms of substrates. It is noteworthy therefore that it is the low-spin form of the enzyme that is the more stable form. It follows that a Type I substrate, on binding at the active site, makes the enzyme less stable, although more reactive. High-spin forms of the enzyme have a more positive mid-point redox potential, and this facilitates the attraction of the electron required to effect the reduction of the Fe"' of the cytochrome P-450 by the cytochrome P-450 reductase-and usually increases the rate of reduction of the cytochrome P-450 (Sliger et al., 1979).
Studies on our enzyme from Saccharomyces cerevisiae show that it is 94% in low-spin form (absolute spectrum peak at 4 16nm) at 22OC when Triton X-100 is used in its isolation. This changes to the high-spin form (absolute spectrum peak at 395nm) on binding of benzo(a1pyrene (D. J. King, M. R. Azari & A. Wiseman, unpublished work). The use of Triton X-100 in isolation procedures was shown to lead to the low-spin form of the enzyme, and its use stabilized the enzyme in storage (Azari & Wiseman, 1980 ). The Triton X-100 acts as a Type I1 substrate, and this led to a slow reduction to FeI1 by the Na,S,O, used before binding of C O by the Fe" in the reduced form of the enzyme (Azari & Wiseman, 198 I). Furthermore, the Triton X-100 effects a thermal stabilization of the enzyme, presumably by retaining the low-spin-date form, for in this form the fifth ligand of the haem iron (thiol) is protected, it seems. Thermal stabilization was observed as a raising of critical temperature, for 100% destruction of solubilized enzyme in Smin, from 45OC to 6OoC (Azari, et al.. 1982) .
It is noteworthy that our earlier studies on thermal stability (at 46OC, pH7.4) of cytochromes P-450 in the microsomal fraction showed that the enzyme in the liver microsomal fraction was much more stable than that in yeast microsomal fractions. Also, reduced forms (reduction effected with Na,S,O,) were
